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The spectrum of nitrous oxide dimer was investigated by constructing new potential energy surfaces
using coupled-cluster theory and solving the rovibrational Schrödinger equation with a Lanczos
algorithm. Two four-dimensional �rigid monomer� global ab initio potential energy surfaces �PESs�
were made using an interpolating moving least-squares �IMLS� fitting procedure specialized to
describe the interaction of two linear fragments. The first exploratory fit was made from 1646
CCSD�T�/3ZaP energies. Isomeric minima and connecting transition structures were located on the
fitted surface, and the energies of those geometries were benchmarked using complete basis set
�CBS� extrapolations, counterpoise �CP� corrections, and explicitly correlated �F12b� methods. At
the geometries tested, the explicitly correlated F12b method produced energies in close agreement
with the estimated CBS limit. A second fit to 1757 data at the CCSD�T�-F12b/VTZ-F12 level was
constructed with an estimated fitting error of less than 1.5 cm−1. The second surface has a global
nonpolar O-in minimum, two T-shaped N-in minima, and two polar minima. Barriers between these
minima are small and some wave functions have amplitudes in several wells. Low-lying
rovibrational wave functions and energy levels up to about 150 cm−1 were computed on the F12b
PES using a discrete variable representation/finite basis representation method. Calculated rotational
constants and intermolecular frequencies are in very close agreement with experiment.
© 2010 American Institute of Physics. �doi:10.1063/1.3494542�

I. INTRODUCTION

A number of spectroscopic studies of the nitrous oxide
dimer �NNO�2 have appeared in the literature since 1978,1–7

with the recent observation of a new polar isomer sparking
renewed interest.8–13 Motivated in part by analogy to the
OCS and CO2 dimers, several stable isomers have been pre-
dicted, including nonpolar, polar, and “T-shaped”
conformers.5,8,14 Infrared and microwave spectra have only
been assigned to nonpolar slipped antiparallel and polar
skewed-parallel isomers. Dehghani et al.8 emphasized the
need for a good ab initio intermolecular potential energy
surface to aid in interpreting experimental results. In this
paper we present a new, highly accurate, potential energy
surface and rovibrational energy levels computed on it by
solving the rovibrational Schrödinger equation with a prod-
uct basis and the Lanczos algorithm.

In a previous theoretical study of the spectroscopy of
�NNO�2, Berner et al.15 determined stationary points and re-
ported harmonic frequencies for various isomers using Dun-
ning’s augmented double-zeta basis16 �AVDZ� and the CCSD
coupled cluster method. They performed additional single
point calculations including triples perturbatively with an
augmented triple-zeta basis �CCSD�T�/AVTZ�, but did not fit

a surface. These calculations were compared with density
functional theory �PW91� and Møller–Plesset perturbation
theory �MP2, MP3, and MP4�, and the lower-level methods
were shown to be unreliable for �NNO�2. Although anharmo-
nicity and coupling are important for �NNO�2 it is possible,
surprisingly, to extract useful information from frequency
shifts. For example, the difference between the calculated
shifts for two bands in the dimer spectrum associated with
the �1 monomer fundamental band aid in the assignment of
the experimental spectrum. Their best estimate of the well
depth of the nonpolar global minimum De �598 cm−1� was
based on a counterpoise corrected CCSD�T�/AVTZ//CCSD/
AVDZ calculation and was assigned considerable uncertainty
�200 cm−1�. The stability of a “T-shape N-in” isomer was
found to be extremely sensitive to the level of theory.

To understand the spectroscopy of �NNO�2 it is impor-
tant to use an ab initio method that is capable of correctly
computing the depths and shapes of the wells and the barrier
heights, and it is also essential to account for coupling and
anharmonicity when calculating the spectrum. The potential
energy surface �PES� of �NNO�2 has multiple wells separated
by superable barriers. Many wave functions are so delocal-
ized that it is not possible to associate all bands with a single
well. To compute such states one needs high quality ab initio
points, a good potential, and accurate solutions of the rovi-
brational Schrödinger equation.

In this paper we present a careful analysis of the accu-
racy of various ab initio methods for �NNO�2, including
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CCSD�T� and explicitly correlated F12 methods with several
basis sets and basis set extrapolation schemes. Analytic four-
dimensional �4D� intermolecular PESs were constructed
based on ab initio data using a specialized version of the
interpolating moving least-squares �IMLS� fitting procedure.
Two analytic IMLS PESs were developed. The PESs are ac-
curate up to about 5200 cm−1 above the dissociation energy
and therefore reliably characterize all the stable isomers.
First, a CCSD�T�/3ZaP PES was obtained to facilitate explo-
ration of the van der Waals �vdW� region. The critical geom-
etries on the CCSD�T�/3ZaP PES were used to test several
high level ab initio methods, basis sets, and extrapolation
schemes. A second quantitative CCSD�T�-F12b/VTZ-F12
PES was obtained based on these evaluations. The second
PES was used to obtain low-lying solutions of the rovibra-
tional Schrödinger equation corresponding to the nonpolar
O-in isomer. Calculated rotational constants and intermo-
lecular frequencies are compared with experiment.

II. IMLS PES FITTING

To construct a PES one must compute electronic ener-
gies at a set of points and then adjust parameters of a func-
tion so that the function either nearly passes through the
points �fitting� or exactly passes through the points �interpo-
lation�. Various fitting methods have been proposed.17–22 It
has been previously demonstrated that the IMLS fitting
method is an effective tool for obtaining PESs with subwave-
number fitting error for several triatomics.23–25 In this paper
we introduce and apply a refined version of the IMLS pro-
cedure. In principle the IMLS idea is general; however, vdW
systems are especially difficult because a large region of con-
figuration space with multiple local minima is accessible.
The full range of the angular coordinates must be described
and motion in the intermonomer coordinate is of large am-
plitude. At any geometry, r�, the IMLS potential is a weighted
sum of local fits,

V�r�� =
� jwj�r��Vj�r��

� jwj�r��
, �1�

where the local fits Vj�r�� are expressed in some basis Bk,

Vj�r�� = cj,0 + �
k

cj,kBk�r�� . �2�

Each local fit j is centered at r� j, which is the location of the
jth ab initio data point used to fit the surface. A separate set
of �cj,k� is optimized, by doing a weighted least-squares fit, at
each point. The efficiency of the IMLS fit depends on the
choice of coordinates, basis functions, ab initio geometries,
and the weight function wj�r�� �used both in Eq. �1� and for
making the local weighted least-squares fits�, which in turn
depends on a distance metric, as discussed below. The coor-
dinates chosen for fitting the PES are defined in Fig. 1�a�.

For characterization of the PESs, and to describe isomer-
ization between planar isomers, we also make use of dis- and
conrotatory coordinates X and Y �Eq. �3��. X and Y are con-

veniently defined in terms of angles with direction26 ��̃1 and

�̃2, Fig. 1�b��. To facilitate comparisons we adopt the ranges

used by Berner et al.15 where �̃1� �−4� /3, 2� /3� and �̃2

� �−2� /3, 4� /3�. The disrotatory coordinate X describes
the out-of-phase motion with one monomer rotating counter-
clockwise while the other rotates clockwise. The conrotatory
coordinate Y describes the concerted in-phase motion of both
monomers rotating in either a clockwise or counterclockwise
direction,

X = ��̃1 + �̃2�/2,

�3�
Y = ��̃1 − �̃2�/2.

The range of �2 is �0,2��, but because Vj�r�� is an even
function of �2, it is only necessary to use values between 0
and �.

Due to the difficulties cited above, the basis functions
are chosen carefully. The basis functions we use are

Bk�r0,�1,�2,�2� = �− 1�m2exp�− �r0�i�L1

m2��1�

	�L2

m2��2�cos�m2�2� , �4�

where k is a composite basis function index representing i,
L1, L2, and m2. These functions are commonly used for fit-
ting PESs for vdW systems with linear fragments,27–31 but
usually one set of functions is used to fit the entire potential.
With IMLS we use many such sets to make local fits, one for
each r� j point. The range parameter � in the radial basis is

fixed at �=1.0 Ǻ−1. The maximum radial power i was 6, and
Lmax for the associated Legendre polynomials was also 6.
The maximum value of the sum of L1 and L2 was limited to
Lmax, and m2
min�L1 ,L2�. These choices result in a total of
301 basis functions �at each local expansion point�, including
the constant. In other approaches where a single basis expan-
sion is used, much larger values of Lmax��6� are required.
This in turn requires many ab initio points �quadrature
points� to determine the coefficients. In some cases, accuracy
in one part of the angular range is favored by damping the
relative weight of points in another region; this reduces the
number of required ab initio points.29,30 The present use of
local expansions allows an accurate fit to be obtained with
Lmax=6.

The local fits are connected using a weight function so

FIG. 1. Coordinates used to define dimer geometries. �a� Length of r0,
center-of-mass separation, angles of NNO-vectors �r1 and r2� with respect to
r0 ��1 and �2�, and torsional angle from r1 to r2 around r0 ��2�. �b� Direc-
tional angles �with tilde� used to define con- and disrotatory coordinates �Eq.
�3�� for planar structures.
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that the IMLS potential passes through each of the ab initio
points �with an error �� and smoothly interpolates between
them. The weight function is

wj�r�� =

exp�− �d�r� j,r��
�r� j�

�2�
�d�r� j,r��

�r� j�
�p

+ �

. �5�

In this application, p=4 and �=10−14 while the distance was
determined using the distance metric

d�r� j,r��2 = ��r0� j − r0�2 + c2��� j,1 − �1�2 + �� j,2 − �2�2

+ 	sin�� j,1�sin��1�sin�� j,2�sin��2����2� j − �2�2� .

�6�

The form of the distance metric �Eq. �6�� is important for
interpolation in these coordinates and requires thought be-
cause near �k=0 or �k=� a small change in the shape may
correspond to a large change in the value of �2. Therefore,
when assessing the similarity of two shapes one of which has
�k close to 0 or �, it is important that �2 values not play an
exaggerated role. The distance metric we use makes the mea-
sured distance between points differing significantly only in
�2 and having �k close to 0 or � small, thus allowing smooth
and continuous interpolation across the boundary at which �2

becomes undefined. The scaling factor �c=2.315 Ǻ / rad� is
chosen based on the length of the monomer fragments to put
distance and angular displacements on an equal footing.
Variation of the torsional coordinate is reflected in the dis-
tance metric as the arc length described by the exterior atoms
of the linear monomers �becoming a small precession for
small values of �1 and �2�. The local data density parameter
�r� j� in Eq. �5� is the distance to the 20th nearest neighbor
�as evaluated with Eq. �6�� from data point j.

The local expansion coefficients are determined at each
ab initio point by a weighted linear least-squares fit using the
LAPACK �Ref. 32� linear algebra routine DGELSS. Although
the final potential is accurate globally, the local expansions
Vj�r�� are only accurate close to r� j. This behavior is ensured
by the weight function, which weights the contribution of the
ab initio data in the least-squares determinations of the ex-
pansion coefficients. The weight function is sharply peaked
to ensure that the IMLS potential is interpolative and there-
fore only points close to r� j have significant weights. The
condition number �the ratio of the largest and smallest sin-
gular values� of the design matrix for the local fit Vj�r�� can
be large, which can result in numerical instabilities in the
determination of the expansion coefficients. These numerical
instabilities do not affect the accuracy of the fitted potential
at the ab initio data points but may slightly degrade the qual-
ity of the interpolated fit. One solution to this problem is to
replace, when solving the linear equations, reciprocals of
small singular values with zero. This corresponds to using a
basis of linear combinations of the original basis functions
and retaining only those linear combinations that are well
determined. Rather than discarding reciprocals of singular
values that are smaller than some fixed threshold, we deter-
mine the threshold at each expansion point by considering

the accuracy of the fitted local expansion. Specifically, the
number of retained singular values is reduced until
	� jpwj�r� jp��E�r� jp�−Vj�r� jp��2 increases by 10%, where E�r� jp�
is the ab initio energy at a neighboring point jp. Note that the
number of discarded singular values depends on geometry
and on the number of ab initio points being fit. This is sen-
sible because as ab initio data are added the number of well-
determined linear combinations does change. We call our
procedure dynamic conditioning. Tests indicate that remov-
ing small singular values in this fashion improves the fitting
error, at test points not included in the fit, for the full poten-
tial �Eq. �1�� by roughly 30% �relative to use of a small fixed
threshold�.

The IMLS PESs were constructed by adding sets of ab
initio data at geometries designed to most efficiently reduce
the fitting error. Each fit was initiated with 500 ab initio data
distributed throughout the vdW region with a probability dis-
tribution that favored small r0 values. Our automated surface
growing procedure based on the difference between trial fits
using different fitting bases has been described before.25 For
�NNO�2 the two trial fits are with a basis of 301 functions
�imax=6, Lmax=6, Eq. �4�� and a basis with 171 functions
�imax=5, Lmax=5, Eq. �4��. The fitting error was assessed us-
ing the difference between the two trial fits at 40 000 ran-
domly placed points, and new data point locations were de-
termined using conjugate-gradient optimizations to locate
points of maximum squared difference. New points are
added in batches of 60 and 60 processors are used to do the
60 ab initio calculations. The fitting coefficients were up-
dated �using the dynamic conditioning procedure described
above�, and the fitting error was estimated. Since the mono-
mers are identical, after each electronic structure calculation,
the symmetry partner geometry corresponding to the ex-
change of the two monomers was also added to the data set.
It is noteworthy that no manually located points were in-
cluded in the fit at any stage. The entire energy and coordi-
nate range was fit without any bias, simply adding points
where the automatically estimated error was largest. A spe-
cialized IMLS fitting code was developed for this application
and can now be conveniently used to automatically generate
global PESs for vdW complexes with two rigid fragments.

If an automatically determined geometry is in a region in
which the potential is expected to be very large it is rejected.
More specifically, we reject points at which a guide surface
is more than twice an energy cut-off value that is 15.0 kcal/
mol �
5246 cm−1� above the dissociation asymptote. For
�NNO�2 the guide surface was constructed using 1600 MP2/
2ZaP points chosen from an exponential probability distribu-
tion that produces about 17 times as many points with r0

equal to the shortest value than with r0 equal to the largest
value. A small basis of 40 functions �i=3, Lmax=3, Eq. �4��
was employed �at each data point using IMLS� to construct
the guide surface using the MP2/2ZaP data. The guide sur-
face took less than 30 min to construct.

Using the methods outlined in this section we con-
structed two surfaces �see Sec. IV�. The CCSD�T�/3ZaP sur-
face was built from 1646 symmetry unique data points and
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has an estimated fitting error below 2 cm−1. The CCSD�T�-
F12b/VTZ-F12 surface was terminated at 1757 points with
an estimated fitting error below 1.5 cm−1.

III. ELECTRONIC STRUCTURE THEORY

In this section we compare different ab initio methods
and describe how we chose the two methods used to fit the
PESs. The monomers were held rigid at the calculated33

ground vibrational state averaged bond distances of RNN

=1.128 72 Ǻ and RNO=1.187 92 Ǻ. The size-consistent
coupled-cluster CCSD�T� method34–37 was chosen to repre-
sent the vdW interaction between the two closed-shell NNO
monomers. The MOLPRO electronic structure code38 was used
for all of the calculations reported here. To confirm the ap-
plicability of a single-reference method, the T1-diagnostic39

was evaluated at various geometries including points up to

10 000 cm−1 above the energy of the separated monomers.
For all of the geometries and basis sets tested the
T1-diagnostic values were 
0.02, indicating that the
CCSD�T� single reference method is appropriate for this sys-
tem.

The complete basis set �CBS� limit was estimated using
three different schemes. The first was Peterson’s three pa-
rameter mixed Gaussian and exponential formula,40

E�n� = ECBS + b exp�− �n − 1�+�c exp�− �n − 1�2� . �7�

The second was a Schwenke-style CBS extrapolation,41

ECBS = �E�n� − E�n − 1��F + E�n − 1� , �8�

where F is a coefficient used to extrapolate total energies and
n is the cardinal number of the basis. A third strategy involv-
ing separate extrapolation of different components of the to-
tal energy was also tested using an optimized power-law,
where �max is the cardinal number of the basis and “pow” is
an optimized exponent,42

Elmax

corr = ECBS
corr + A�max

−pow. �9�

Choice of electronic structure methods and bases for
„NNO…2

First we present the results obtained from the methods
that are not explicitly correlated. By comparing different
bases with and without CP-correction and with and without
CBS extrapolation, we determine that a good PES for NNO
dimer can be obtained using the 3ZaP basis without a CP-
correction and without CBS extrapolation. We denote this
surface the exploratory surface. Initial basis set comparisons
are done at a set of test points and then at stationary points
on the IMLS surface fit to 1646 symmetry unique CCSD�T�/
3ZaP points.

The first set of comparisons is done at five high-
symmetry test geometries: �1� infinitely separated monomers,
�2� a linear head-to-tail geometry with a center of mass sepa-

ration �r0� of 6.0 Ǻ, �3� an attractive parallel side-by-side

C2V geometry with r0=5.0 Ǻ, �4� a repulsive parallel side-

by-side C2V geometry with r0=3.0 Ǻ, and �5� the nonpolar
minimum, which has C2h symmetry. Energies were com-

puted at these five points for zeta levels 2–5 of both the
Dunning16 aug-cc-pVnZ �AVnZ� and the Petersson43 nZaP
�with n=2, 3, 4, and 5� bases. At all five points, the nZaP and
AVnZ bases extrapolated to about the same CBS energies
�using total energies with Eq. �7� and n=3, 4, and 5�. These
are considered as benchmark values for the calculations that
are not explicitly correlated. However, for the purpose of
computing a surface, we exclude the Eq. �7� extrapolation
and the AVnZ bases. Equation �7� is not used because it
requires energies from at least three zeta levels, and qua-
druple and higher zeta were deemed too expensive. The
2ZaP and 3ZaP bases were less costly respectively than the
AVDZ and AVTZ bases and so, for making the PES, we
therefore opt for the Petersson bases. Equation �8� was tested
using 2ZaP and 3ZaP energies with and without CP-
corrections. The parameter F �in Eq. �8�� was fit to the CBS
energies previously determined using Eq. �7�. The value of F
determined by Eq. �8� differed at each test point. Choosing F
as the average from test points 3–5 caused problems. Equa-
tion �8� has the advantage that it does not require bases larger
than triple zeta, but it is known that including double zeta
energies in a CBS extrapolation may introduce significant
error41 and we therefore anticipated the possibility of prob-
lems with the CBS extrapolation. Extrapolation of energies
without CP-corrections produced a well depth of only

450 cm−1, whereas the CBS benchmark obtained using
Eq. �7� and zeta levels 3–5 was 
600 cm−1. The large effect
of basis set superposition error �BSSE� on the double zeta
energies also resulted in a small nonphysical barrier for ex-
trapolated energies at large separations �e.g., test point 2�.
The use of CP corrected energies eliminated the nonphysical
barrier, and better represented the well depth, but produced
energies that were far too attractive on the repulsive wall
�e.g., test point 4�. Without the CP-correction, the raw 3ZaP
energies are in surprisingly good agreement with the bench-
mark CBS energies, more accurate than 3ZaP+CP, or any
2–3 CBS extrapolation, at all five test points. The CCSD�T�/
3ZaP method, without CP-correction and without CBS ex-
trapolation, was therefore chosen for fitting the exploratory
surface.

Further tests were done at the minima of the exploratory
surface. Results are given in Tables I and II and Fig. 2. Geo-
metric parameters for various isomers are listed in Table I.
Without CP-corrections, starting from too low at the double
zeta basis, convergence was oscillatory for all of the minima.
With CP-corrections, convergence was monotonic at each
structure, but the minima were much too shallow for the

TABLE I. Geometric parameters for isomers of NNO dimer located on
IMLS fitted PES �CCSD�T�/3ZaP�. Distances are in angstroms and angles
are in degrees.

Coordinatea Nonpolar O-in T-shape O-in Polar T-shape N-in

r0 3.443 06 3.888 64 3.649 07 4.196 96
�1 60.494 32.100 53.198 78.963
�2 119.506 80.005 64.030 19.819
�2 180.000 0.000 0.000 0.000
X 0.000 66.048 84.584 119.572

aSee Fig. 1.
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smaller bases. Furthermore, with CP-corrections, in most
cases the energy decreased more between zeta levels 3 and 4
than between levels 2 and 3. The CBS energies from the
basis series with and without CP-corrections are quite similar
for each structure, generally agreeing to within 10 and
15 cm−1. For two of the minima, the non-CP corrected 3ZaP
results are remarkably close to the benchmark CBS values.
The global minimum �nonpolar O-in� and polar minimum
are both within 10 cm−1 of the CBS energies. Energies at the
stationary points on the fitted surface are plotted as a func-
tion of disrotatory coordinate X �Eq. �3�� connecting the four
minima and four transition structures �TSs� in Figs. 3�a� and
3�b�. These results at the minima confirm the 3ZaP, no CP, no
CBS choice made on the basis of results at the high-
symmetry test points.

Although the larger Dunning basis sets are too expensive
for the purpose of making a PES, it may be of interest to
compare energies computed with them. Results with the
Dunning AVnZ basis series for the same stationary point
structures are shown in Fig. 4. For reference, Fig. 4 includes
benchmark CBS energies from explicitly correlated F12b
calculations described in the next paragraph. Without CP-
corrections, energies change little between AVDZ and AVTZ
and the agreement with the CBS energies worsens at several
points; but from AVTZ to AVQZ the improvement is signifi-
cant. With CP-corrections the wells are much too shallow at
the double zeta level, but improve monotonically with zeta
level, with the AVQZ+CP results quite close to the CBS
limit. These results are quite different than those obtained
using the nZaP bases. Without CP-corrections the 4ZaP en-
ergies are close to CBS values, whereas the AVQZ energies

are still quite far from convergence. Conversely, with CP-
corrections the AVQZ+CP energies are very close to CBS
values, whereas the 4ZaP+CP energies are far from conver-
gence.

The 3ZaP PES is certainly qualitatively correct but there
is reason to believe that even better ab initio calculations
would give us a superior surface. The most significant failing
of the 3ZaP basis is its prediction that T-shape N-in and
T-shape O-in structures have energies close to that of the
polar minimum. Energies at these T-shape points are roughly
40–55 cm−1 higher in the CBS limit. We therefore applied
explicitly correlated F12b methods44 to NNO dimer. In the
rest of this section we explain how the basis to be used with
the F12b method is chosen and whether to use a CBS ex-
trapolation.

Single-point CCSD�T�-F12b energies were calculated
using the AVnZ bases with n=2–5 �the largest calculation
taking about one week� and the Peterson VnZ-F12 bases

TABLE II. Ab initio energies for isomers on the 3ZaP PES �see Fig. 2�.

Theorya Nonpolar O-in T-shape O-in Polar T-shape N-in

2ZaP �939.85 �743.16 �684.22 �675.27
3ZaP �601.53 �438.07 �445.83 �444.02
4ZaP �579.40 �393.47 �422.00 �397.96
5ZaP �599.35 �395.01 �433.10 �398.24
CBS �611.29 �396.12 �439.78 �398.61
2ZaP+CP �356.26 �227.05 �216.20 �250.35
3ZaP+CP �405.06 �264.55 �278.40 �290.60
4ZaP+CP �504.81 �326.58 �358.80 �343.46
5ZaP+CP �561.27 �363.29 �400.79 �371.11
CBS �594.34 �384.80 �425.36 �387.29
IMLSb �602.32 �440.91 �444.38 �442.36
Fitting error �0.79 �2.84 1.45 1.66

aCCSD�T� /nZaP energies �cm−1, relative to separate monomers�, +CP
indicates counterpoise correction, CBS evaluated using zeta levels 3–5 and
Eq. �7�.
bIMLS surface fit to 3ZaP data.

FIG. 2. Structures corresponding to minima on 3ZaP PES �see text and
Tables I and II�.

FIG. 3. CCSD�T� energies of eight stationary points on the 3ZaP IMLS
surface calculated with �a� larger bases and �b� larger bases with
CP-corrections.

FIG. 4. Energies of eight stationary points on the 3ZaP IMLS surface:
AVDZ, AVTZ, and AVQZ results with and without CP-correction are pre-
sented for the standard CCSD�T� method �CCSD�T�-F12b/CBS energies are
shown for comparison�.
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with n=2–3.45 Values for the geminal Slater exponent �
were chosen for each basis as recommended by Hill.42 To
determine the CBS limit at the global minimum for this
method, the reference energies were extrapolated using Eq.
�7�, while the CCSD-F12b and �T� components of the corre-
lation energy were separately extrapolated using the opti-
mized power-law of Eq. �9�, where �max is the cardinal num-
ber of the basis and pow is an optimized exponent.

Table III shows the results of the explicitly correlated
calculations at the 3ZaP global minimum geometry for each
zeta level of the AVnZ basis sets. The well depth calculated
using the explicitly correlated F12b method converges
monotonically to −628.96 cm−1, slightly lower than either
progression in Table II. The F12b energies converge rapidly
with zeta level, changing only in small steps beyond the
triple zeta level in contrast to the CP-corrected conventional
CCSD�T� method which also converged monotonically, but
where the energy changed by 
56 cm−1 between quadruple
and quintuple zeta. The rapid convergence behavior of the
F12b energies results in robust CBS extrapolation. Simply
extrapolating the AVTZ and AVQZ CCSD�T�-F12b total en-
ergies using a nonoptimized pow=3 �in Eq. �9�� produces a
CBS well depth of �628.41 �within 0.6 cm−1 of the result
obtained above including AV5Z energies and optimized sepa-
rate extrapolation of different components of the total en-
ergy�. In Table IV and Fig. 5, CCSD�T�-F12b energies are

plotted at the eight stationary points of the 3ZaP-IMLS sur-
face �cf. Figs. 3 and 4�.

Given the rapid convergence of the F12b method, the
other CBS energies in Table IV were estimated using AVTZ
and AVQZ energies and pow=3 �in Eq. �9��. The relative
energies of isomers from even the double zeta basis calcula-
tions agree qualitatively with those of the CBS extrapolation.
The performance of the Peterson VnZ-F12 bases is particu-
larly impressive. As shown in Table IV and Fig. 5�b�, the
basis set error at these eight points is very small even at the
double zeta VDZ-F12 level, where mean and rms errors rela-
tive to CBS are 8.70 and 10.59 cm−1, respectively. For com-
parison the mean and rms basis set errors with the AVQZ
basis and the F12b method are 17.70 and 17.72 cm−1. The
mean and rms errors with the VTZ-F12 basis are very small,
1.92 and 2.61 cm−1 �well within the uncertainty of the CBS
extrapolations�. Due to the high-accuracy of the VnZ-F12
basis results, only the errors are plotted in Fig. 5�b�. The
VnZ-F12 bases are larger at each zeta level than either the
nZaP or AVnZ bases making them more costly to use. The
numbers of contracted functions for �NNO�2 are 180
�VDZ-F12� and 318 �VTZ-F12�, compared to 108 �2ZaP�,
204 �3ZaP�, 138 �AVDZ�, and 276 �AVTZ�. Given the re-
markable performance of the explicitly correlated F12b
method and the VTZ-F12 basis in particular, the CCSD�T�-

TABLE III. Explicitly correlated CCSD�T�-F12b calculations of well depth.

Theorya Reference CCSD-F12b �T� Total Well depthb

Monomer
AVTZ �183.761 329 66 �0.677 001 70 �0.036 108 58 �184.474 439 94
AVQZ �183.765 109 45 �0.683 916 62 �0.038 691 78 �184.487 717 85
AV5Z �183.765 668 64 �0.685 661 50 �0.039 661 71 �184.490 991 85
CBS �183.765 985 00 �0.686 745 30 �0.040 779 97 �184.493 510 28

Dimer
AVTZ �367.523 616 79 �1.355 894 14 �0.072 445 87 �368.951 956 80 �675.31
AVQZ �367.531 100 09 �1.369 676 45 �0.077 612 55 �368.978 389 08 �648.19
AV5Z �367.532 208 61 �1.373 136 36 �0.079 550 37 �368.984 895 34 �639.03
CBS �367.532 835 81 �1.375 270 50 �0.081 779 97 �368.989 886 29 �628.96

aCCSD�T�-F12b /AVnZ energies �a.u.� calculated using size consistent F12b 3C�FIX� ansatz, CBS evaluated
using zeta levels 3–5 and Eq. �7�.
bWell depth calculated using dimer and monomer energies at each zeta level �units of cm−1�.

TABLE IV. Explicitly correlated CCSD�T�-F12b calculations for isomeric minima and TSs located along disrotatory coordinate X on the fitted 3ZaP/IMLS
PES.

Theorya Non-polar O-in TS1 T-shaped O-in TS2 Polar TS3 T-shaped N-in TS4

VDZ �960.04 �538.85 �660.86 �692.81 �732.42 �642.54 �635.13 �527.46
AVDZ �801.22 �512.18 �536.25 �548.72 �584.19 �524.04 �502.12 �412.97
VTZ �706.21 �407.26 �470.55 �490.56 �520.40 �474.66 �463.40 �376.32
AVTZ �675.31 �406.04 �449.08 �466.63 �495.05 �458.10 �450.56 �362.04
AVQZ �648.19 �382.05 �426.38 �443.35 �469.94 �433.63 �425.88 �336.98
AV5Z �639.03
CBS �628.96 �364.54 �409.82 �426.35 �451.63 �415.77 �407.88 �318.69
VDZ-F12b �605.73 �359.65 �398.90 �415.49 �442.05 �409.28 �408.02 �309.31
VTZ-F12b �625.09 �363.34 �409.64 �427.05 �452.66 �416.53 �408.24 �320.27

aCCSD�T�-F12b energies �cm−1� relative to separate monomers at each basis set level. CBS schemes are discussed in the text.
bRefers to bases optimized for the F12 method �Ref. 43�.
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F12b/VTZ-F12 method �without additional CBS extrapola-
tion� was selected to construct a high-accuracy global PES
for use in dynamics studies.

IV. APPLICATION OF THE FITTING METHOD TO
„NNO…2

The IMLS automatic surface generator was run in paral-
lel with 60 processes. The coordinate range includes all at-
tractive energies and repulsive energies up to 15.0 kcal/mol
�
5246 cm−1� above the separate monomers asymptote. The
CCSD�T�/3ZaP surface was terminated with 1646 symmetry
unique data points when the estimated fitting error was be-
low 2 cm−1. The CCSD�T�-F12b/VTZ-F12 surface was ter-
minated with 1757 points with an estimated fitting error be-
low 1.5 cm−1. These estimated fitting errors are obtained
from differences between two surfaces for which the local
fits are done with different fitting basis sets. In previous work
it has been demonstrated that these estimated fitting errors
provide a reliable measure of the true fitting error.23 To con-
firm that this is also the case for NNO dimer �given the
particular coordinates and fitting basis set� we did extensive
testing using a low-level ab initio method �MP2/2ZaP�. In
several test fits, at each iteration �after each set of 60 new ab
initio data was added to the PES�, the error estimated using
the difference between two fits at 40 000 randomly selected
points was compared with the real error computed using new
ab initio data at 600 randomly chosen test points. In this way
the estimated fitting error was shown to be reliable for the
current application of IMLS.

The 3ZaP potential is qualitatively similar to the F12b
surface but has additional stable minima corresponding to
T-shaped O-in structures. Geometries of four symmetry

unique minima �all planar� are shown in Table I and Fig. 2.
Experimentally, only the nonpolar O-in and the polar struc-
ture have been observed.

The F12b PES has two polar minima, two T-shaped N-in
minima, and a global nonpolar minimum �shown in Fig. 6�
connected by transition structures, but has no minima at
T-shaped O-in structures. The second polar and T-shaped iso-
mers are related to their respective partners by symmetry and
would appear between �180° and 0° along the disrotatory
coordinate in Fig. 6 �not shown�. Essential features of the
dynamics of NNO dimer can be understood in terms of the
disrotatory coordinate X that connects the planar minima and
transition structures.

Starting at X=0 �nonpolar O-in global minimum at the
left of Fig. 6�, the monomers are set antiparallel with �1

+�2=180°. As X is increased, monomer 1 on the left rotates
counterclockwise, while monomer 2 on the right rotates
clockwise. When X reaches 180°, each monomer has flipped
around 180° �nonpolar N-in TS at the right of Fig. 6�. Along
the disrotatory coordinate the potential is symmetric about
X=0. To make the plot in Fig. 6, � is set equal to zero or �

�system is planar� and the energy, for given values of r0 and
X, is minimized with respect to the conrotatory coordinate Y.
Since all of the minima and TSs are planar �no out of plane
TSs were located�, all of the critical points and minimum
energy paths connecting them are shown in Fig. 6. The TS
structures were optimized using a Newton–Raphson algo-
rithm on the fitted surface. The energies and structural pa-
rameters for the six critical points located on the F12b PES
�shown in Fig. 6� are given in Table V.

The barrier to isomerization between the polar and non-
polar O-in isomers is 
95 cm−1 �from the polar isomer
side�. The barrier between the T-shaped N-in and polar iso-
mers is only 
15 cm−1 �from the T-shaped isomer�. Rota-
tional constants calculated �experimental values in parenthe-
ses� by simply using the minimum energy structures are A
=0.299 93�0.299 41�, B=0.061 88�0.059 93�, and C
=0.051 300�0.049 84� cm−1 and are in fairly good agreement
with experiment. In Sec. V we report rovibrational calcula-

FIG. 5. Energies of eight stationary points on the 3ZaP IMLS surface: �a�
CCSD�T�-F12b energies are compared for VDZ, AVDZ, VTZ, AVTZ,
AVQZ, and CBS �see text�. �b� Basis set errors for AVnZ and VnZ-F12
bases.

FIG. 6. Contour plot of F12b PES r0 and disrotatory coordinate X �with
minimization of conrotatory coordinate Y, see text and Eq. �3��. Structures
corresponding to six stationary points are shown at the bottom.
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tions using the F12b PES, which, due to the inclusion of
anharmonicity and coupling, produce rotational constants in
much better agreement with experiment.

V. ROVIBRATIONAL CALCULATIONS

A. Methods

Polyspherical coordinates are used to compute the en-
ergy levels.46,47 The monomers are rigid and the intermolecu-
lar coordinates are defined using three vectors: r1, r2, and r0.
Vector r1 is aligned with NNO monomer 1 and points toward
O. Vector r2 is similarly defined for monomer 2. Vector r0
points from the center of mass of monomer 1 to that of
monomer 2 �as shown in Fig. 1�. There are four vibrational
coordinates: �1��2�, the angle between r0 and r1�r2�; �2, a
dihedral angle from r1 to r2 around r0; and r0, the length of
r0. Euler angles specify the orientation of a body-fixed frame
attached such that the z axis is along r0 and the x axis is
along the vector r0	r1	r0. The kinetic energy operator in
these coordinates is well known.46,48–50

For the stretch coordinates we use discrete variable rep-
resentation �DVR� functions,51–54 and for the bend and rota-
tional coordinates we use parity adapted rovibrational

functions55,56 �m̄2=−m2 and K̄=−K�,

�ul1l2m2;K
JMP � = Nm2,K

1
	2

��l1l2m2;JKM� + �− 1�J+P�l1l2m̄2;JK̄M�� ,

�10�

with Nm2,K= �1+�m2,0�K,0�−1/2. The ket in this equation is de-
fined by

�1,�2,�2;�,�,��l1l2m2;JKM�

=	2J + 1

8�2 �l1

m1��1�Yl2

m2��2,�2�DMK
J ��,�,���, �11�

with

Yl2

m2��2,�2� =
1

	2�
�l2

m2��2�eim2�2,

�12�
m1 � K − m2,

where �l
m��� is a normalized associated Legendre function

with the �−1�m Condon–Shortley phase factor. DMK
J is a

Wigner function57 and �� ,� ,�� are the Euler angles. For the
parity adapted functions, K�0 and P=0 and 1 correspond to

even and odd parities. If K=0 it is necessary to apply the
constraint m2�0. The combination m2=K=0 and �−1�J+P

=−1 is not allowed. In our calculations l1, l2, and m2 all have
the same maximum value. The parity adapted basis makes it
possible to calculate even and odd parity levels separately.
The J=0 even-parity angular functions are also used, as ex-
plained in Sec. II, to construct the potential energy surface.
They can be explicitly written as

�ul1l2m2;K=0
J=0,M=0,P=0� =

1

	�1 + �m2,0��
�l1

−m2��1��l2

m2��2�cos�m2�2� .

�13�

A complete product basis function is
f�0

�r0�ul1l2m2K
JMP ��1 ,�2 ,�2 ;� ,� ,��, where f�0

�r0� is a
potential-optimized DVR �PODVR� function.58,59

We use a symmetry adapted variant60,61 of the Cullum
and Willoughby62 Lanczos method to compute the energy
levels. This makes it possible to do a single calculation for
each parity block that yields both the symmetric and anti-
symmetric states with respect to permuting the two NNO
monomers. To use the Lanczos algorithm to compute energy
levels, it is not necessary to store the Hamiltonian matrix
representing the Hamiltonian in the complete multidimen-
sional basis. Instead, one must store only a few vectors. Ei-
genvalues are obtained by computing matrix-vector products.
Similar techniques have been used to compute energy levels
of many molecules.52,63 The full permutation-inversion �PI�
symmetry group for the Hamiltonian we use is G4, composed
of operations �E ,�ex� � �E ,E��, where �ex permutes mono-
mer 1 with monomer 2. A/B label symmetric and antisym-
metric irreducible representations �irreps� with respect to �ex

and + /− label even and odd parities. There are four PI irreps:
A+, B+, A�, and B�. To use the symmetry adapted Lanczos
algorithm within each parity block to obtain A and B states,
one must make projection operators for these irreps. To do
this one must determine how the symmetry operations affect
the coordinates.64 The effect of the symmetry operations on
the rovibrational coordinates and basis functions is given in
Table IV of Ref. 64. For example,

�ex��1,�2,�2,�,�,��

→ �� − �2,� − �1,�2,� + �,� − �,− � − �2� . �14�

Matrix-vector products are evaluated by doing sums
sequentially.47,52,65,66 Similar techniques have been used to
compute energy levels of many molecules.52,63,67–69 Kinetic

TABLE V. Energies and geometric parameters for isomers of N2O dimer located on IMLS fitted PES
�CCSD�T�-F12b/VTZ-F12�.

Coordinatea Nonpolar O-in TS1 Polar TS2 T-shaped N-in TS3

r0 3.359 16 4.102 21 3.499 00 4.052 28 4.231 59 3.805 48
�1 61.171 91.648 57.774 71.447 80.909 123.072
�2 118.829 173.862 63.904 30.105 14.815 56.928
�2 180.000 180.000 0.000 0.000 0.000 180.000
X 0.000 42.755 86.935 110.671 123.047 180.000
Energyb �633.43 �360.21 �465.20 �406.76 �421.03 �322.85

aSee Fig. 1.
bEnergies relative to separate monomers.
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energy matrix-elements are in Ref. 70. Potential matrix-
vector products are evaluated by using quadrature and doing
sums sequentially, as explained in Ref. 70. The wave func-
tions are obtained from eigenvectors of the Hamiltonian ma-
trix that are computed as described previously.55,71 At the
global potential minimum, �NNO�2 has a slipped antiparallel
structure with C2h point group symmetry. The PI irreps A+,
B+, A�, and B� correlate with Ag, Bu, Au, and Bg of the
C2h group, respectively. There are four intermolecular vibra-
tional modes whose quantum numbers are denoted by �in the
order of increasing energy� vt �A�, torsion�, vg �B+, geared
bend�, vr �A+, vdW-stretch�, and va �A+, antigeared bend�.
Geared and antigeared coordinates are defined in terms of the
polyspherical angles by g=�1+�2�B+� and a=�1−�2�A+�.
The A/B symmetry assignment is due to Eq. �14�.

B. Results

The monomer rotational constant is taken to be the ex-
perimental ground state value of 0.419 011 cm−1.72 The
masses are 14.003 074 005 2 and 15.994 914 622 1 amu for
N and O, respectively. For the angular basis we use lmax

=mmax=44 �the same lmax for l1 and l2�. We use 45 Gauss–
Legendre quadrature points for �1 and �2, and 90 equally
spaced trapezoid points in the range �0,2�� for �2, with the
first point zero. For r0 we use 25 PODVR functions.58,59 The
reference potential that defines the PODVR functions is a cut
potential defined in the range �4.5 bohr, 18.0 bohr�. Tests
confirm that this basis set converges levels near 100 cm−1

above the zero point energy �ZPE� to better than 0.001 cm−1.
The vibrational even-parity basis size is about 628 000, built
from 31 395 even-parity angular basis functions. We use a
potential ceiling to reduce the spectral range.63 About 82% of
the quadrature points are below the ceiling value of
5240 cm−1.

Although the F12b PES is global, and we have obtained
results for the polar and T-shaped N-in isomers, in this paper
we concentrate on vibrational states in the nonpolar O-in
well. A detailed treatment of rovibrational states correspond-
ing to the other isomers and mixed isotopomers, including
tunneling splittings, will be the subject of a forthcoming pub-
lication.

A good description of the dynamics of NNO dimer could
be obtained by exploiting the difference between the intra-
monomer stretches and the intermonomer coordinates. To do
this one would average the full potential over products of
monomer wave functions to obtain effective intermonomer
potentials. There would be one such potential for each prod-
uct of monomer states. These potentials would then be used
with different rotational constants for different products of
monomer states to compute intermolecular levels. We cannot
implement this strategy because the potential we have con-
structed is 4D and depends only on the intermolecular coor-
dinates. The 4D potential we have fit fixes the remaining
coordinates at their calculated monomer ground vibrational
state averaged values. For all our calculations we use the
ground state monomer rotational constant given above.

Vibrational levels of �NNO�2 in the nonpolar O-in global
minimum are listed in Table VI. Most of the levels are as-

signed �vt ,vg ,vr ,va� quantum numbers. The ground state of
the polar isomer appears as a pair of degenerate levels
�A+ ,B+� at 143.5294 cm−1. The dynamics of the polar and
T-shaped N-in isomers will be discussed in a forthcoming
publication.

Examining probability density �PD� plots is essential for
assigning vibrational levels. We have computed one-
dimensional �1D� and two-dimensional PDs by integrating
over the other three or two �respectively� coordinates. PD
plots for coordinate pairs ��1 ,�2�, ��2 ,�2�, ��2 , r0�, and
��2 , r0� are presented in Figs. 7–10. The four 1D plots are not
shown. We first discuss the salient features of the J=0 inter-
molecular vibrational states. The simplest wave functions are
those associated with torsional states for which a progression
up to vt=7 is evident; see Fig. 7.

Clearly coupling between the torsion and other coordi-
nates is weak. The vt assignments given in Table VI are
unambiguous. PDs of geared states are shown in Fig. 8.

The probability density plots for the geared states have a
clear nodal structure up to vg=3, above which they are dis-
torted by coupling. States that involve excitation of the vdW-
stretch and the antigeared coordinate are not as simple.
In fact even their fundamentals show signs of coupling; see
Fig. 9.

The vr=1 state has some antigeared character, as shown
by the elongation along the �1−�2 direction in the ��1 ,�2�
PD plot. The fact that the two bumps in the ��2 , r0� PD plot
are not centered on the same �2 values is also a manifestation
of the coupling between �2 and r0. The same coupling also
affects the va=1 state and this is seen in the ��2 , r0� PD of the
va=1 state. The vdW-stretch mode couples not only to the
antigeared mode, but also to the geared mode, as shown in
the PD plots for the �0110� state �E=86.7 cm−1 ,B+�, see
Fig. 10. The lobes in the ��1 ,�2� plot �Fig. 10� have structure
in the �1−�2 direction similar to that of the vdW-stretch
state. In addition, coupling between the vdW-stretch and the
geared mode is responsible for the tilt of the �r0 ,�2� PD.
Couplings between the geared and the vdW-stretch modes

TABLE VI. The lowest vibrational levels �in cm−1� of �NNO�2 for each
irrep relative to the ZPE of −514.2118 cm−1. The quantum numbers vt

�torsion�, vg �geared bend�, vr �vdW-stretch�, and va �antigeared bend� are
for the four intermolecular modes.

A+ B+ A� B�

0.0000�0000� 41.8609�0100� 25.7599�1000� 65.6419�1100�
50.7624�2000� 86.7299�0110� 74.5621�3000� 109.9291�1110�
52.7591�0010� 90.3303�2100� 77.2499�1010� 113.9184�3100�
80.4367�0200� 114.1504�0300� 104.0559�1200� 138.5431
97.5221�0001� 128.4750 121.2341�5000� 151.6697
98.1581�4000� 132.7743�2110� 121.5410�1001� 154.5332

101.0072�2010� 135.4885�0101� 124.1867�3010� 157.6977
101.9135�0020� 137.2096�4100� 125.2602�1020� 159.6448
116.5749�0210� 143.5294�polar� 141.0917�1210�
127.9299�2200� 143.8152�0310� 150.2890�3200�
140.2778�0011� 164.1595
143.5294�polar� 164.8119�7000�
143.7790�6000�
144.2993�4001�
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and between the antigeared and the vdW-stretch modes are
found to also influence higher states and hamper assigning
these levels.

Moazzen-Ahmadi and co-workers measured IR spectra
that probe transitions from the ground state to combination
levels near 2200 cm−1 involving the in-phase �1 vibration,
where �1 is the antisymmetric stretch NNO monomer mode
and in-phase means that the two monomers vibrate in phase.

Using an estimated �hence, the error bar of 1.0 cm−1� band
center for the in-phase �1 vibration which is not IR active,
they find torsion12 and geared13 band centers at 27.3�1.0� and
42.3�1.0� cm−1, respectively. These compare well with our
results of 25.76 and 41.86 cm−1, respectively, but note that
our results are not obtained from combinations. To compute
the measured quantity we would need to add two more co-
ordinates �associated with the �1 vibration of each monomer�

FIG. 7. Probability density plots for torsional states vt

=0–7 ��a�–�h��. No strong coupling to other modes is
observed. The contour interval is 0.4 and the smallest
�outermost� contour is 0.4.
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to obtain a six-dimensional potential energy surface. As ex-
pected, our torsion and geared energies are lower than the
CCSD/AVDZ ab initio harmonic numbers of 30 and
49 cm−1.15

Rotational levels are assignable for many vibrational
states. Table VII gives assignments for J=1 levels. Energy

spacing and a product symmetry rule are used to make the
assignment. According to the product symmetry rule the
rovibrational level symmetry is a product of the vibrational
symmetry and the rotational symmetry. The symmetry of the
vibrational levels is known. There are two ways to obtain the
symmetry of the rotational wave functions: �1� associate the

FIG. 8. Probability density plots for the geared states vg=1–3 ��a�–�c��. Geared states with more quanta �vg�4� show evidence of coupling. The contour
interval is 0.5 and the smallest �outermost� contour is 0.5.

FIG. 9. The vdW-stretch fundamental state �vr=1� �top two panels� and the antigeared fundamental state �va=1� �bottom two panels� are plotted showing the
coupling between the two modes. The contour interval is 0.5 and the smallest �outermost� contour is 0.5.
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rotational wave functions with rotation of a rigid shape and
establish a relationship between the evenness or oddness of
Ka, Kc, and irreps using the asymmetric top symmetry rule;73

�2� use assigned J=1 levels and their symmetries to establish
a relationship between the evenness or oddness of Ka, Kc,
and irreps. For our �NNO�2 calculations, both methods agree
in all cases. For example, to apply the asymmetric top sym-
metry rule we use the nonpolar global minimum structure
which has C2h symmetry �isomorphic with the PI group G4

used in our calculation�. The symmetry of �J KaKc� for the
C2h point group has been derived by Bunker and Jensen
�Table 12-11 in Ref. 73�. Assignments obtained in this way
agree with those we get using method �2�, from which one
deduces that the rotational symmetries of the 101,111,110 lev-
els of the ground state are B�, B�, and A+, if one uses the
correlation between G4 and C2h: �A+ ,B+ ,A− ,B−� of the
G4 group correlate with �Ag,Bu ,Au,Bg� of the C2h group,
respectively. Similarly, for excited vibrational states, rovibra-
tional level symmetries also satisfy the product rule, as
shown in Table VII. Rotational constants have been obtained

for the first three vibrational states by fitting the assigned
levels up to J=3 �Table VIII�. Levels computed using the
exploratory 3ZaP PES are also included in Table VIII for
comparison.

Centrifugal distortion constants are not included in the
fitting since the errors are small without them. The rotational
constants directly obtained from the J=1 levels agree to bet-
ter than 10−4 cm−1 with the fitted rotational constants. There-
fore, rotational constants for higher vibrational states, re-
ported in Table VII, are obtained only from the J=1 levels.
The computed rotational constants �Table VIII, F12b� agree
very well with experimental data even though the torsional
and geared experimental rotational constants are for combi-
nation bands involving the in-phase �1 vibration mode. The
levels and rotational constants calculated using the 3ZaP ex-
ploratory PES �Table VIII, 3ZaP� are in much worse agree-
ment with experiment confirming that constructing the high-
level F12b PES was necessary to describe the dynamics
quantitatively.

FIG. 10. The vdW-stretch and geared combination state �0110� showing coupling between the two modes. The contour interval is 0.5 and the smallest
�outermost� contour is 0.5.

TABLE VII. J=1 rotational levels �in cm−1� of �NNO�2 for vibrational states below 99 cm−1. Rotational
constants are determined from the J=1 levels �see text�.

J=0 level ��t ,�g ,�r ,�a� �sym� 101 �sym� 111 �sym� 110 �sym� A B C

0.0000�0000��A+� 0.1097�B�� 0.3504�B�� 0.3604�A+� 0.3005 0.0599 0.0499
25.7599�1000��A�� 25.8695�B+� 26.1000�B+� 26.1093�A�� 0.2900 0.0595 0.0501
41.8609�0100��B+� 41.9682�A�� 42.2244�A�� 42.2334�B+� 0.3149 0.0586 0.0487
50.7624�2000��A+� 50.8717�B�� 51.0924�B�� 51.1009�A+� 0.2796 0.0589 0.0504
52.7591�0010��A+� 52.8657�B�� 53.1137�B�� 53.1232�A+� 0.3061 0.0581 0.0486
65.6419�1100��B�� 65.7489�A+� 65.9934�A+� 66.0026�B�� 0.3026 0.0581 0.0489
74.5621�3000��A�� 74.6711�B+� 74.8836�B+� 74.8914�A�� 0.2709 0.0584 0.0506
77.2499�1010��A�� 77.3561�B+� 77.5875�B+� 77.5958�A�� 0.2887 0.0573 0.0489
80.4367�0200��A+� 80.5415�B�� 80.8163�B�� 80.8262�A+� 0.3321 0.0574 0.0474
86.7299�0110��B+� 86.8337�A�� 87.1076�A�� 87.1172�B+� 0.3306 0.0567 0.0471
90.3303�2100��B+� 90.4370�A�� 90.6695�A�� 90.6778�B+� 0.2900 0.0575 0.0492
97.5221�0001��A+� 97.6300�B�� 97.8622�B�� 97.8719�A+� 0.2910 0.0588 0.0491
98.1581�4000��A+� 98.2670�B�� 98.4754�B�� 98.4828�A+� 0.2666 0.0581 0.0507

134304-12 Dawes et al. J. Chem. Phys. 133, 134304 �2010�

Downloaded 04 Oct 2010 to 198.206.219.39. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



VI. SUMMARY AND CONCLUSION

We have carefully assessed the value of several ab initio
methods for the purpose of making a 4D �intermolecular�
PES for �NNO�2 and constructed two surfaces. Both fits were
made with a refined IMLS fitting method. The highest level
calculations indicate that even a qualitatively correct descrip-
tion of this system is remarkably challenging. The first sur-
face was done at the CCSD�T�/3ZaP level of ab initio theory.
Additional higher-level ab initio calculations performed at
eight critical points �four minima and four transition struc-
tures connecting them� located on the fitted 3ZaP PES led to
the conclusion that to obtain an excellent surface it was nec-
essary to do F12b calculations. The original CCSD�T�/3ZaP
was not good enough. The levels and rotational constants
reported in Table VIII �for 3ZaP� are in relatively poor agree-
ment with experiment. Furthermore, the T-shaped O-in iso-
mer located on the 3ZaP PES was found to be spurious,
while the T-shaped N-in isomer is significantly less stable at
the CBS limit. The CCSD�T�-F12b method works extremely
well for �NNO�2. Even with a double zeta basis it gives a
qualitatively correct description of relative energies. CBS ex-
trapolation was found to be robust for the F12b method with
close agreement between CBS energies obtained using dif-
ferent extrapolation schemes. The Peterson VDZ-F12 and
VTZ-F12 bases combined with the CCSD�T�-F12b method
provide the two best choices balancing cost and accuracy.
The CCSD�T�-F12b/VTZ-F12 method provides raw energies
that differ by only 1.9 �mean� and 2.6 �rms� cm−1 from the
best large-basis CBS estimates at the eight structures studied,
making it our choice to fit a high-accuracy PES. The
CCSD�T�-F12b/VTZ-F12 surface has three minima: the ex-
perimentally observed nonpolar and polar isomers as well as
a T-shaped N-in isomer with only a small barrier to isomer-
ization to the polar isomer. It provides a best estimate of the
well depth of −633.43 cm−1 and energies of the polar and
T-shaped N-in isomers of �465.20 and −421.03 cm−1, re-
spectively. Rovibrational calculations performed on the fitted
F12b surface yielded vibrational frequencies and rotational
constants in excellent agreement with experiment. The cal-
culated frequencies for the torsional and gearing motions
�25.76 and 41.86 cm−1� are very close to the respective ex-
perimental values of 27.3�1.0� and 42.3�1.0� cm−1. Trends

and values for rotational constants agree very well with the
experiments. We have also obtained results for rovibrational
levels associated with the polar and T-shaped N-in isomers.
So far no experimental observation of the T-shaped isomer
has been reported. The dynamics of these two isomers will
be the topic of a forthcoming publication.
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